Chromophobe renal carcinoma is composed of neoplastic cell showing several features similar to those found in the intercalated cells of the collecting ducts. Because the distal nephron expresses calcium-binding proteins playing a role in calcium homeostasis, we reasoned that these proteins could be expressed by chromophobe carcinoma and therefore represent a diagnostic marker. We studied the immunohistochemical expression of different calcium-binding proteins (parvalbumin, calbindin-D28K, and calretinin) in 140 renal tumors, including 75 conventional (clear cell) carcinomas, 32 chromophobe carcinomas, 17 papillary renal cell carcinomas, and 16 oncocytomas. Parvalbumin was strongly positive in all primary chromophobe carcinomas and in one pancreatic metastasis; it was positive in 11 of 16 oncocytomas and absent in conventional (clear cell) and papillary renal cell carcinomas, either primary or metastatic. Calbindin-D28K and calretinin were negative in all tumors, with the exception of two chromophobe carcinomas, four oncocytomas, and two papillary renal cell carcinomas showing inconspicuous calretinin expression. Our data demonstrate that parvalbumin may be a suitable marker for distinguishing primary and metastatic chromophobe carcinoma from conventional (clear cell) and papillary renal cell carcinoma. Moreover, they suggest a relationship between chromophobe renal carcinoma and renal oncocytoma and indicate that chromophobe carcinoma exhibits differentiation toward the collectingduct phenotype.
The differential diagnosis of renal tumors is of high clinical relevance. The recent classifications have greatly helped in this issue by clearly defining the major subtypes of kidney epithelial tumors, according to reproducible morphologic and cytogenetic criteria (1, 2) .
Oncocytomas are benign tumor, whereas chromophobe carcinoma appears to behave more indolently than papillary renal cell and conventional (clear cell) carcinomas (3) . However, a certain degree of morphologic and immunophenotypic overlap exists among these neoplasms, the chromophobe carcinoma being the more problematic to diagnose.
Chromophobe carcinoma accounts for 5% of epithelial tumors of the kidney and is considered to have low malignant potential (4 -6) . It has been suggested that the cells of chromophobe renal carcinoma are related to the normal intercalated cells of the collecting ducts, as it is ultrastructurally characterized by the presence of numerous cytoplasmic vesicles resembling those observed in these cells (5) (6) (7) . Two subtypes of chromophobe carcinoma have been described, a typical variant and an eosinophilic variant (5) . The first has to be distinguished from conventional (clear cell) carcinoma, whereas the second must be separated from those tumors characterized by cells with granular cytoplasm, such as renal oncocytomas, conventional (clear cell) carcinomas with diffuse areas of granular cells, as well as some rare forms of papillary renal cell carcinoma.
Several features have been proposed to accurately recognize chromophobe carcinoma, includ-ing histochemical, immunohistochemical, genetic, and ultrastructural findings (4, (7) (8) (9) (10) (11) (12) (13) (14) . In particular, chromophobe renal carcinoma is characteristically stained by Hale's colloidal iron (10, 12) , immunoreacts with anti-E-cadherin (14) and antimitochondrial 113-1 (11) antibodies, and shows hypodiploidy caused by frequent loss of many different chromosomes (8, 9) .
Nevertheless, all of these features are limited for practical histopathology, and the availability of other cell markers is warranted to better distinguish different renal epithelial tumors.
As the distal nephron expresses calcium-binding proteins playing a role in calcium homeostasis (15) , we reasoned that these proteins could be expressed by chromophobe renal carcinoma and therefore represent a diagnostic marker.
In this study, we investigated the immunohistochemical expression of three calcium-binding proteins, parvalbumin, calbindin-D28K, and calretinin (16 -21) , in a large series of renal epithelial tumors, including all four major subtypes. Our data show that parvalbumin is a highly specific and reliable marker for distinguishing chromophobe renal carcinoma from other renal carcinoma types. In addition, we furnish support to the evidence that chromophobe renal carcinoma shows differentiation toward collecting duct phenotype by the demonstration that parvalbumin is expressed in the collecting ducts of fetal and adult kidney.
MATERIALS AND METHODS
We studied the immunohistochemical expression of parvalbumin, calbindin-D28K, and calretinin in 140 renal epithelial tumors. One hundred were consecutive neoplasms, including 75 conventional (clear cell) renal carcinomas, 6 chromophobe renal carcinomas, 17 papillary renal cell carcinomas, and 2 oncocytomas. These tumors were collected from the file of the Department of Pathology of the University of Verona between 1990 and 1992. The other 40 cases, 26 chromophobe carcinomas and 14 oncocytomas, were included on the basis of the preliminary results. All tumors were classified according to the criteria of the current classifications (1, 2) , and all carcinomas were graded according to the morphologic parameters proposed by Fuhrman (22) . The expression of these three proteins was also evaluated in five fetal kidneys and in unaffected samples of the kidneys harboring the tumors.
Conventional (clear cell) carcinomas showed nuclear Grade 1 in 10 cases, Grade 2 in 30 cases, Grade 3 in 30 cases, and Grade 4 in five cases. Granular areas were present in 20 cases. There were thirteen Type 1 and four Type 2 papillary renal cell carcinomas. Nuclei were Grade 1 in five cases, Grade 2 in five cases, Grade 3 in six cases, and Grade 4 in one case. Chromophobe renal carcinomas had their cells arranged predominantly in a solid pattern in 22 cases, a tubuloalveolar pattern in seven cases, and a nested pattern in three cases. All chromophobe carcinomas contained a variable admixture of the three cell types identified by Akhtar et al. (23) . Twenty chromophobe carcinomas were classified as classic type ( Fig. 2A) , as they were predominantly composed of large polygonal cells with abundant, pale, reticulated cytoplasm and with well defined cytoplasm borders (Type 3 cells). Twelve were considered eosinophilic variants of chromophobe renal carcinomas (Fig. 2C) , as their predominant cell type was characterized by abundant eosinophilic cytoplasm denser at the periphery and a perinuclear clearing (Type 2 cells) in 10 cases and by small, solid, and slightly granular cytoplasm without significant translucent areas (Type 1 cells) in two cases. Microcalcifications were found in 15 tumors.
Oncocytomas consisted of a uniform population of cells with granular eosinophilic cytoplasm arranged in a solid alveoli in 12 cases and tubulocystic pattern in four cases.
In 10 different cases, specimens of metastatic lesion were also available. These included eight metastases of conventional (clear cell) carcinomas (three adrenal, one lung, and four pancreatic metastases), one lymph node metastasis of papillary renal cell carcinoma, and one pancreatic metastasis of chromophobe carcinoma (Fig. 3A) .
The resected specimens containing the tumors had been fixed with buffered formalin and embedded in paraffin.
For all tumors, serial 5-m sections were stained with hematoxylin and eosin, with Hale's colloidal iron technique (12) or immunostaining with anti-parvalbumin monoclonal antibody (clone PA-235, SIGMA Chemical, St. Louis, MO; dilution, 1:1000), anti-calbindin-D28K monoclonal antibody (Swant, Bellinzona, Switzerland; dilution, 1:200) and rabbit anti-calretinin antibody (Swant; dilution, 1:2000). To characterize the mitochondrial content of renal neoplasms, we used an anti-mitochondrial monoclonal antibody (clone 113-1, BIOGENEX, S. Ramon, CA; dilution, 1:1600). All the immunoreactions were developed using Envision peroxidase detection system (DAKO, Carpinteria, CA), a very sensitive method that also prevents possible false-positive staining due to endogenous biotin present in the tissue. Ten parvalbumin immunoreactions were also developed using the labeled polymer-AP DAKO Envision system in five chromophobe carcinomas and in five oncocytomas, respectively. No antigen-retrieval methods were used.
External positive and negative controls were provided by a series of tissues: 10 normal, 10 hyperplastic, and 10 adenomatous parathyroid glands; 10 normal and 10 adenomatous adrenal glands; 5 normal pancreas and 5 pancreatic endocrine tumors; 5 oncocytic adenomas; and 3 oncocytic carcinomas of the thyroid gland, mesothelial, and parenchymal components in normal lung tissue and two pulmonary carcinoids, and lymphoid tissues. 
RESULTS

Histochemical Findings
All 32 chromophobe carcinomas stained with Hale's colloidal iron histochemical method. The staining intensity in most cases was high in Type 3, weak in Type 1, and intermediate in Type 2 cells. Oncocytomas, conventional (clear cell) renal carcinomas, and papillary renal cell carcinomas showed only focal and dust-like granular or luminal and coarse staining. The coarse and granular staining of hemosiderin was considered not specific.
Immunohistochemical Findings
Normal Fetal and Adult Kidney
The three calcium-binding proteins, parvalbumin, calbindin-D28K, and calretinin, were heterogenously expressed in normal fetal and adult renal samples.
In the normal fetal kidney, parvalbumin immunoreactivity was limited to the collecting ducts (Fig.  1, A-B) ; calbindin-D28K was strongly immunoreactive in the distal tubule, whereas calretinin was variably found in this segment of the distal nephron.
In the adult kidney, parvalbumin and calbindin-D28K expressions overlapped. These molecules were constantly and strongly present in both the cytoplasm and nuclei of the distal convoluted tubules, connecting tubules (Fig. 1, C-D) , and in a subset of collecting duct cells, likely intercalated cells (Fig. 1 , E-F) By contrast, calretinin was weakly expressed in all the nephron segments.
Renal Tumors
The results describing the immunoreactivity of all the three calcium-binding proteins and the antimitochondrial antibody (113-1) on the different renal tumors are summarized in Table 1 . The expression of the parvalbumin and antimitochondrial antibodies was semiquantitatively graded in neoplastic samples on the basis of both percentage of positively staining cells (0%, Grade 0; Ͻ60%, Grade 1; Ͼ60%, Grade 2) and intensity of the immunostaining (negative, Ϫ; weak, ϩ; strong, ϩϩ) and summarized in Table 2 .
All 32 chromophobe carcinomas were positive for parvalbumin, 30 displaying a strong cytoplasmic and nuclear immunoreactivity in the majority of cells, variable from 60 to 90%. In only two cases, the percentage of positive cells was 40%. The immunoreactivity in the cytoplasm was granular with a marked peripheral accentuation in Type 3 cells (Fig. 2B) ; Type 2 and 1 cells showed more prominent and coarse granular positivity of the entire cytoplasm (Fig. 2D) , with the exception of the perinuclear halo of the latter type. The pancreatic metastasis of chromophobe carcinoma was also strongly and diffusely positive ( Fig  3B) . None of the primary and metastatic conventional (clear cell) renal carcinoma was positive for parvalbumin (Fig. 2E) . Only scattered cells were parvalbumin positive in two of the papillary renal cell carcinomas (Fig. 2F) , whereas the available lymph node metastasis of this tumor type was negative. Eleven of the 16 oncocytomas showed a variable granular cytoplasmic and nuclear parvalbumin expression in a proportion of neoplastic cells variable from 10 to 80%, whereas five cases were completely negative (Fig. 2, G-H) . The pattern of positivity was not uniform in a positive oncocytoma; some areas displayed diffuse immunoreactivity with most cells staining positive, whereas other areas had only a few positively staining cells. Calbindin-D28K was negative in all tumor types, whereas calretinin displayed a weak granular cytoplasmic immunoreactivity in two chromophobe renal carcinomas, three oncocytomas, two papillary renal cell, and one conventional (clear cell) carcinomas.
Finally, all tumor types were immunoreactive with the anti-mitochondrial antibody, with different cytoplasmic staining and intensity patterns. Chromophobe renal carcinoma showed a peripheral accentuation of the cytoplasmic granular immunoreactivity (Fig. 4A) , oncocytomas, a very strong, diffuse and granular positivity (Fig. 4B) , and conventional (clear cell) and papillary renal cell carcinomas, an irregular cytoplasmic staining (Fig.  4C-D) . The granular cytoplasmic positivity was prevalently fine in oncocytomas and coarse in the carcinomas, but in some chromophobe carcinomas, a diffuse, fine-granular immunoreactivity distribution was also observed. 
External Controls
All normal, hyperplastic, and adenomatous parathyroid glands were strongly and diffusely immunoreactive for parvalbumin but negative for calbindin-D28K and calretinin. Normal and adenomatous adrenal glands, normal pancreas and pancreatic endocrine tumors, oncocytic adenomas and carcinomas of the thyroid gland, mesothelial and parenchymal components in normal lung tissue, and pulmonary carcinoids and lymphoid tissues showed negative immunostaining for all three markers.
DISCUSSION
Our study shows that 1) parvalbumin is characteristically expressed by chromophobe renal carcinoma and its immunodetection is useful in distinguishing primary and metastatic chromophobe renal carcinoma from papillary renal cell and conventional (clear cell) carcinomas; 2) calbindin-D28K and calretinin immunostains were of no value for the purpose of the differential diagnosis of renal epithelial tumors; 3) about 70% of the oncocytomas also stained for parvalbumin, this suggesting a certain degree of morphological overlap between chromophobe carcinoma and this tumor type; and 4) parvalbumin is expressed in the collecting ducts of the fetal and adult kidney, this giving further support to the evidence that chromophobe carcinoma exhibits differentiation toward the phenotype of the intercalated cell of collecting ducts.
Although adequate sampling and a good understanding of the morphological features observed in the renal epithelial tumors usually minimize errors in their recognition and diagnosis, a certain degree of morphologic overlap exists between all renal tumor types. In particular, chromophobe carcinoma enters into the differential diagnosis with both conventional (clear cell) and papillary renal cell carcinomas, as well as oncocytoma, setting a clinically relevant dilemma (3) . For this reason, the implementation of morphological analysis with histochemical and immunohistochemical stains has been attempted by various authors (10 -14) . However, the number of useful stains is limited, and the only helpful immunohistochemical finding consistently reported on chromophobe carcinoma is the absence of staining for vimentin (5, 14, 24) .
Our data suggest that parvalbumin immunostain is useful in distinguishing chromophobe carcinoma from papillary renal cell and conventional (clear cell) carcinomas and seems more reliable than the anti-mitochondrial antibody 113-1 and colloidal iron stains. In facts, all of the primary and metastatic chromophobe carcinomas expressed strongly parvalbumin, whereas the primary and metastatic papillary renal cell and conventional (clear cell) carcinomas were negative in both the clear cell and granular cell components. Moreover, this immunostain was much simpler and more reproducible than iron colloidal stain and anti-mitochondrial immunostain. Calbindin-D28K and calretinin do not aid in differential diagnosis, as calbindin-D28K was completely negative in all tumors and calretinin showed a variable, weak, and poorly reproducible immunoreactivity in a minority of samples.
Parvalbumin immunostain was unable to provide a sharp distinction between oncocytoma and chromophobe carcinoma. However, the expression of parvalbumin in 70% of renal oncocytomas should not be surprising in the light of the recent morphologic (11, 25) , ultrastructural (13, 26, 27) , histochemical (13) , and genetic (28) findings suggesting common features for both chromophobe carcinomas and oncocytomas from the distal nephron. Moreover, the absence of parvalbumin expression in the 30% of the oncocytomas may suggest the existence of differences in this group of tumors as also supported by genetic findings (29) .
We report here that parvalbumin is selectively expressed in the collecting ducts of fetal and in the distal nephron of adult kidney, the latter reminding of the pattern described in adult rat kidney (16) . Our finding further supports the hypothesis of a chromophobe neoplastic cells differentiation toward the phenotype of the intercalated cells of the collecting duct, which is based on the ultrastructural finding of cytoplasmic microvesicles and the characteristic expression of carbonic anhydrases C both in these cells and chromophobe carcinoma (7) . Interestingly, the overlap of parvalbumin expression between chromophobe carcinoma and oncocytoma parallels the findings for carbonic anhydrases C immunoreactivity (7, 30) .
Parvalbumin is one of the best-known cytosolic calcium-binding proteins able to modulate the levels of intracellular calcium. It can act as a cytosolic calcium ion buffer, but a possible indirect role in signal transduction by modifying calcium concentration has been proposed (31) . The distribution of parvalbumin in the kidney matches fairly well that of calcium receptors in the distal tubule and in the proximal collecting duct, where the fine regulation of calcium readsorption takes place (32, 33) . It is of interest that parathyroid glands possess the same calcium receptor found in the kidney, and a recent report has shown that parvalbumin, but not calbindin-D28K and calretinin, is expressed in parathyroid cells (31) . The characteristic presence of parvalbumin in both chromophobe carcinoma and parathyroid cells raises the questions of its potential role as a modulator of calcium signals within chromophobe neoplastic cells of the distal nephron involved in calcium homeostasis.
In summary, our data support the utility of parvalbumin immunostain as a diagnostic tool for differential diagnosis of renal epithelial tumors and the hypothesis of a collecting-duct intercalated cell differentiation for chromophobe renal carcinoma.
